Post-translational modifications of core histones give a major contribution in driving changes in chromatin conformation and compaction. Here we investigated the role of histone deacetylation on the mitotic process by inhibiting histone deacetylases shortly before mitosis in human primary fibroblasts. Cells entering mitosis with hyperacetylated histones displayed altered chromatin conformation associated with decreased reactivity to the anti Ser 10 phospho H3 antibody, increased recruitment of protein phosphatase 1-δ on mitotic chromosomes, and depletion of heterochromatin protein 1 from the centromeric heterochromatin. Inhibition of histone deacetylation prior to mitosis produced defective chromosome condensation and impaired mitotic progression in living cells, suggesting that improper chromosome condensation may induce mitotic checkpoint activation. In situ hybridization analysis on anaphase cells demonstrated the presence of chromatin bridges, which were caused by persisting cohesion along sister chromatid arms after centromere separation. Thus, the presence of hyperacetylated chromatin during mitosis impairs proper chromosome condensation during the pre-anaphase stages, resulting in poor sister chromatid resolution. Lagging chromosomes consisting of single or paired sisters were also induced by the presence of hyperacetylated histones, indicating that the less constrained centromeric organization associated with heterochromatin protein 1 depletion may promote the attachment of kinetochores to microtubules coming from both poles.
INTRODUCTION
The successful segregation of chromosomes at mitosis relies on the coordinated execution of cytoskeletal and chromosomal events. The interphase microtubules reorganize to form a bipolar mitotic spindle and the relaxed interphase chromatin orderly compacts into highly condensed rodlike structures. Post-translational modifications of nucleosome core histones give a major contribution in driving changes in chromatin conformation and compaction. Acetylation on lysine residues on the amino-terminal tails of histones contributes to the formation of a transcriptionally competent environment, by decreasing the affinity of the acetylated N termini for DNA and allowing access of general transcription factors to DNA. Conversely, deacetylated histones are mainly associated with compact chromatin states and transcriptional repression (for reviews see Grunstein, 1997; Wade et al., 1997; Cheung et al., 2000) . Underacetylated H3 and H4 histones abound in constitutive heterochromatin regions of human metaphase chromosomes and in the heterochromatic inactive X chromosome (Jeppesen et al., 1992; Belyaev et al., 1996) . An overall reduction in acetylated H3 and H4 histones has also been observed in mitotic cells compared with interphase nuclei (Kruhlak et al., 2001 ).
Another histone post-translational modification relevant to chromatin dynamics during mitosis is Ser 10 phosphorylation of histone H3. The presence of this modified histone has been correlated with mitotic chromosome condensation in several eukaryotic systems (Hendzel et al., 1997; Wei et al., 1998) . H3 phosphorylation at Ser10 is governed by the activity of aurora/Ipl1 kinases (Speliotes et al., 2000; Giet and Glover 2001; Adams et al., 2001; Crosio et al., 2002) in competition with the phosphatase activity of the serine/threonine protein phosphatase 1 (Hsu et al., 2000; Murnion et al., 2001) . It has been shown that Ser 10 modified histone colocalizes with the human condensin complex during G2/prophase (Schmiesing et al., 2000) , suggesting that this modification may have a role in destabilizing local chromatin structure to allow access of condensation factors to DNA or in recruiting the condensation machinery on the modified histone amino-terminal tail (Wei et al., 1998; Schmiesing et al., 2000) .
Although the importance of mitotic spindle alterations such us multipolarity or defective kinetochore-microtubule interactions in causing unbalanced chromosome segregation and aneuploidy is widely acknowledged, the role of defects in chromatin dynamics during mitosis in promoting this kind of genomic instability is still largely unexplored. Recently, a study with mutant Tetrahymena strains harboring unphosphorylatable H3 histone demonstrated that Ser-10 phosphorylation is essential for proper chromosome condensation and segregation (Wei et al., 1999) . Moreover, in fission yeast a prolonged exposure to trichostatin A (TSA), a specific histone deacetylase inhibitor (Yoshida et al., 1995) was shown to lead to H3 and H4 hyperacetylation in centromeric heterochromatin, derepression of reporter genes in centromeric regions, and chromosome loss (Ekwall et al., 1997) . Finally, treatment of mouse cells with TSA for several days induced a relocation of pericentromeric heterochromatic blocks to the nuclear periphery, defective association of heterochromatin protein 1 (HP1) to pericentromeric regions, centromere-positive micronuclei, and abnormal anaphases (Taddei et al., 2001 ).
In our work we have investigated the mechanisms promoting abnormal chromosome segregation when histones are maintained hyperacetylated during mitosis and the role of histone H3 phosphorylation in hyperacetylation-induced defective segregation in mammalian cells. To this aim we inhibited histone deacetylation with TSA shortly before mitosis, rather than with long term treatments, in order to avoid the known profound effects of histone deacetylase inhibition on gene expression and cell growth. Indeed, long term treatments with histone deacetylase inhibitors have been shown to modulate gene expression (Van Lint et al., 1996) , to influence acetylation of histones on promoters of target genes (Richon et al., 2000) , and to promote growth arrest, differentiation, and apoptosis in different tumor cells (Kosugi et al., 1999; Saunders et al., 1999) . To selectively investigate the role of histone modifications prior to mitosis on the fidelity of the mitotic process the exposure regimen was built to influence histone deacetylation either during synthesis of late replicating heterochromatic regions or during prophase mitotic condensation in exponentially growing human primary fibroblasts.
MATERIALS AND METHODS

Cell cultures and drug treatments.
Human lung diploid fibroblasts (MRC-5 cells), PtK1 cells, and HeLa cells were obtained from the American Type Culture Collection (Rockville, MD) and maintained in Minimum Essential Medium supplemented with fetal calf serum (15% and 10%, respectively), antibiotics, and non-essential aminoacids. Cells were grown at 37°C, in a humidified atmosphere, with 5% CO 2 . MRC-5 and PtK1 cells were grown on sterilized coverslips inside 35 mm Petri dishes. For TSA (Calbiochem) treatment a 500 µg/ml stock solution was prepared in DMSO (Sigma). MRC-5 cultures were treated with 200, 500, 1000 ng/ml TSA for 1 h or 7 h or received the corresponding DMSO concentration as a control. Coverslips were then fixed and either Giemsa-stained for mitotic index evaluation, or processed for immunofluorescence or fluorescence in situ hybridization (FISH). For Giemsa staining, coverslips were fixed in a 3:1 methanol:acetic acid mixture and air dried before staining.
The number of mitosis was recorded on 2000 cells per experimental point. Immunoblotting, immunofluorescence and in vivo analysis of chromosome condensation were performed on cells treated for 1 or 7 h with 500 ng/ml TSA or receiving 0.1% DMSO.
Antibodies and Immunofluorescence. Anti Ser 10 phospho H3 and anti Lys 9 acetyl H3 (a gift from Dr. C. Nervi, University "La Sapienza", Rome) rabbit antibodies were from Upstate Biotechnology.
MPM-2 mouse antibody was from DAKO. Coverslips were washed in PBS, fixed in absolute cold methanol and then permeabilized in PBS + 0.5% Triton-X. After rinsing in PBST (PBS with 0.1% Tween 20), cells were blocked overnight in PBS/BSA. Coverslips were incubated 2 h with the appropriate antibodies, rinsed in PBST and incubated for 45 min with the appropriate secondary antibodies (FITC anti-rabbit and Texas Red anti-mouse antibodies from Vector Laboratories). Cells were counterstained with DAPI and coverslips mounted in antifade solution (Vector Laboratories).
Rabbit antibody against PP1-δ protein was kindly provided by Dr. E. Villa-Moruzzi (University of Pisa, Italy) and PP1-δ immunostaining was performed according to Andreassen et al. (1998) . For HP1 localization on mitotic chromosomes, MRC-5 or PtK1 cultures were fixed after 7 h or 1 h treatment with TSA combined with a 2 h incubation in 0.5 µM colchicine prior to fixation to obtain mitotic spreads. Cells were then swollen in a hypotonic solution (37.5 mM KCl containing protease inhibitors and PMSF) and fixed in 4% (w/v) paraformaldehyde in PHEM buffer. Cells were then permeabilized with 0.5% Triton X-100 in PHEM buffer for 10 min and blocked for 1 h with 5% goat serum. They were then incubated overnight with CREST anti-kinetochore serum (Antibodies Incorporated) and 2HP 1H5 anti HP1α mouse antibody (a generous gift of Prof. P. Chambon, CNRS, Strasbourg, France). Antibody detection and counterstaining were performed as described above except that anti-human and anti-mouse secondary antibodies (Vector Laboratories) were used.
FISH analysis. MRC-5 cells treated for 1h or 7 h with 500 ng/ml TSA were fixed in a 3:1 methanol:acetic acid mixture. FISH staining was performed using 7 ng of biotin-labeled chromosome 16 alphoid probe (ONCOR) and 6 ng of digoxigenin-labeled chromosome 1 classical satellite DNA (pUC 1.77 probe, Cooke and Hindley, 1979) for each coverslip. FISH staining was performed as previously described (Cimini et al., 1999) .
Microscopy. All preparations were examined under an Olympus Vanox microscope equipped with a 100X (1.35 NA) oil immersion objective and a SPOT CCD camera (Diagnostic Instruments). Color encoded images were acquired using ISO 2000 software and processed with Adobe Photoshop software. For measuring HP1 fluorescence at centromeres, all digital images were obtained with the same camera settings. The best in-focus image of a kinetochore was determined visually and, based on the CREST signal, a region corresponding to the kinetochore was generated using Photoshop software. The mean fluorescence intensity in the region was then recorded together with the mean fluorescence intensity of a close area outside the kinetochore (background fluorescence) and the fluorescence intensity of the background was subtracted from the kinetochore fluorescence. The average value of HP1 fluorescence was calculated for at least 51 kinetochores per each experimental condition and results were compared using a statistical t-test.
Analysis of mitotic progression and chromosome dynamics in live cells. A plasmid carrying the fulllength coding sequence for H2B histone subcloned into the pEGFP-N1 mammalian expression vector (a generous gift from Dr. P.Magalhaes, University of Padua, Italy) was used to obtain a PtK1 cell population enriched in H2B-GFP expressing cells as described in Cimini et al. (2002) . H2B-GFP expressing PtK1 cultures were incubated in 500 ng/ml TSA for 30 min or 5 h and then observed by fluorescence and phase-contrast microscopy under a Nikon Eclipse 300 inverted microscope equipped with a 37°C heated stage, 60X (0.7 NA) objective. Prophase cells were localized and mitotic progression was observed. Time intervals from nuclear envelope breakdown to alignment of all chromosomes to the metaphase plate (prometaphase), from chromosome alignment to anaphase onset (metaphase), from anaphase onset to cleavage furrow appearance (anaphase), and from cleavage furrow appearance to completion of cytokinesis (telophase/cytokinesis) were recorded.
Immunoblotting. Cell pellets were resuspended in 20 mM Hepes, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM Na 3 VO 4 , 20 mM NaF, 1 mM PMSF, 1 mM DTT, 10 µg/ml aprotinin, 10 µg/ml leupeptin and 0.5% NP-40. Cells were passed through a 26G needle for 10 times and then briefly centrifuged at 13000 rpm. Nuclear pellets were resuspended in high salt buffer (50 mM Hepes, 500 mM NaCl, 1 mM PMSF, 1 mM Na 3 VO 4 , 20 mM NaF, 10 µg/ml aprotinin, 1% NP40) and sonicated on ice for 10 seconds at 14 µm amplitude in a Soniprep 150 apparatus equipped with a microtip.
Thereafter, pellets were extracted for 30 min on ice in the high salt solution and supernatant from a 13000 rpm centrifugation was kept at -80°C. Protein content was measured using the Bradford reagent (Sigma). Equal amounts of nuclear proteins from TSA-treated and untreated cells were electrophoresed through SDS-PAGE and then electrotransferred onto nitrocellulose membranes in a Trans-Blot apparatus. Membranes were blocked in Tris-Buffered Saline containing 0.1% Tween 20 (TBT) and 5% low fat dry milk for 1 h and then incubated with anti-acetylated H3 or anti-phospho H3 antibodies. After multiple washes in TBT and incubation with anti-rabbit horseradish peroxidase-linked antibody, immunocomplexes were revealed by a chemiluminescence kit (Amersham).
RESULTS
Cells entering mitosis with hyperaceylated histones have distort chromatin conformation.
To investigate the role of histone deacetylase inhibition prior to mitosis on the accuracy of cell division we first studied whether entry into mitosis was affected by deacetylase inhibition by analyzing the mitotic index in TSA-treated human primary MRC-5 fibroblasts. The frequency of mitotic cells was reduced by 30% already at 200 ng/ml TSA (Figure 1 A) , when cells were kept in the presence of the drug during prophase or during synthesis of late replicating heterochromatic regions (1 h or 7h prior fixation, respectively), in accordance with available data showing a G2 checkpoint induction by deacetylase inhibitors in normal cells (Qiu et al., 2000) . For 1 h TSA treatment a further 30% decrease of the mitotic index was observed in cells treated with 500 ng/ml TSA and no further reduction was observed at 1000 ng/ml, indicating that inhibition of deacetylation and biological effects were fully accomplished with 500 ng/ml TSA. Based on these results, we decided to perform our subsequent studies on chromosome dynamics during mitosis at the dose of 500 ng/ml of the inhibitor. Then, we directly tested whether histone deacetylase activity was efficiently inhibited in our experimental conditions. We performed immunofluorescent detection of acetylated H3 histone in TSA-treated cells by using an anti Lys 9 acetyl H3 antibody. Figure 1C ). Therefore, we could conclude that deacetylase activity was efficiently inhibited after 1 h treatment with 500 ng/ml TSA.
We next investigated whether acetylation of Lys 9 on histone H3 during prophase interfered with Ser 10 phosphorylation, the mitosis-specific modification of the H3 histone. In human fibroblasts the appearance of anti-phospho H3 antibody reactivity was a very early marker of chromosome condensation since phospho H3 was already visible on nuclei that did not display chromosome condensation as detected by DAPI staining (Figure 2A , first row, arrow) and H3 histone was heavily phosphorylated in metaphase ( Figure 2A , second row, arrow) and anaphase ( Figure 2A , second row, arrowhead). In TSA-treated cells a decreased antibody reactivity was observed both on metaphase and anaphase chromosomes ( Figure 2A , +TSA, third and forth row, respectively), suggesting a decreased phosphorylation of the H3 histone when hyperacetylated.
When metaphases were observed at higher magnification, the phospho H3 antibody reactivity appeared confined to the periphery of the chromosome axis in TSA-treated cells as compared to the intense staining all over chromatid arms in control cells ( Figure 2B ). The decreased phospho H3 reactivity was observed both in cells receiving TSA for 7 h ( Figure 2A ) and in cells treated for 1h before fixation ( Figure 2B ).
We then examined whether deacetylase inhibition induced a non-specific inhibition of mitotic kinase activities, which could explain both the decreased reactivity to the phospho H3 antibody and the reduced mitotic entry observed in TSA-treated cells. We performed double immunofluorescence staining with an anti-phospho H3 antibody and the MPM-2 antibody, which is known to recognize phosphoepitopes on several mitotic proteins (Ding et al., 1997) . Mitotic chromosomes from control cultures were strongly positive for the phospho H3 antibody and the MPM-2 fluorescence was evenly distributed all over the mitotic cell ( Figure 3A , -TSA).
Remarkably, the presence of the MPM-2 reactive epitopes was clearly unaffected by the TSA treatment also in cells that completely lacked the phospho-histone staining ( Figure 3A , +TSA). In more than 90% of control metaphases, reactivities to phospho-H3 and MPM-2 antibodies were associated, whereas in cell cultures receiving TSA for 7 h about 40% of MPM-2 positive metaphases were weakly positive or completely dull for phospho H3 staining ( Figure 3B ). A decreased phospho-H3 staining in MPM-2 positive cells was also observed when nocodazoletreated cells were incubated with TSA ( Figure 3B ). These data excluded that histone acetylation at prophase might promote a general inhibition of mitotic kinases.
The reduced H3 phosphorylation, if not due to a general inhibition of kinase activity, might depend on an increased dephosphorylation. For this reason we decided to analyze the association of the δ isoform of the PP1 phosphatase to mitotic chromosomes. PP1-δ is a major mitotic chromatinassociated protein and its phosphatase activity counteracts the aurora B kinase activity on the H3 histone. We used an antibody specific to PP1-δ and showed that during interphase PP1-δ displays a homogeneous nuclear distribution both in control and in TSA-treated cells ( Figure 4A ). However, a stronger signal for PP1-δ was evident on interphase nuclei, when cells were treated with the deacetylase inhibitor ( Figure 4A , +TSA). The observation of mitotic cells showed that PP1-δ was specifically associated to condensed chromosomes during mitosis and that chromosomes from TSA-treated cultures displayed a much stronger staining when compared to untreated cultures ( Figure 4B ).
We finally tested directly the phosphorylation state of the H3 histone using western blot analysis. Surprisingly, when nuclear proteins were assayed by western blot the intracellular levels of Ser 10 phosphorylated H3 histone were similar in samples obtained from asynchronously growing control MRC-5 cells or cells exposed for 1 or 7 h to the deacetylase inhibitor ( The above results led us to speculate that chromatin condensation into mitotic chromosomes might be affected by the presence of hyperacetylated histones. In order to avoid possible artifacts due to fixation procedures, we decided to investigate mitotic chromosome condensation after deacetylase inhibition in living cells. To this aim, we used a stable transfectant PtK1 cell line expressing a histone 2B-GFP chimeric protein (Cimini et al., 2002) . The H2B-GFP protein is incorporated into nucleosomes and the resulting bright fluorescence of chromosomes makes chromosome structure in living mitotic cells very easy to observe. H2B-GFP PtK1 cells were exposed to TSA for 30 min or 5 h and then followed through mitosis using fluorescence microscopy (Table I) . After 5 h growth in TSA-containing medium prometaphase length was almost doubled and metaphase length was also statistically increased. This corresponded to a lengthening of the total time spent in mitosis by TSA-treated cells (Table I) 
Centromeric heterochromatin is modified when histone deacetylation is inhibited in mitosis.
Centromeric regions are defined by a compact heterochromatic structure which is characterized by chemical modifications of both DNA and histones. Lys9 methylation on H3 histone has been shown to recruit the heterochromatin-associated protein HP1, which plays a crucial role in maintaining the compact heterochromatic structure at centromeres (Eissenberg and Elgin, 2000) . Recently, long-term TSA treatments in mouse cells have been reported to disrupt interphase nuclear domains enriched in HP1 proteins (Taddei et al., 2001) . Having observed a defective chromosome condensation following treatment with the deacetylase inhibitor, we decided to investigate whether a less compact chromatin structure was present also at the centromere of these undercondensed chromosomes and whether short-time TSA treatments affected HP1 recruitment to the centromeric regions of mitotic chromosomes. Human primary fibroblasts and PtK1 cells were treated for 1 h or 7 h with the deacetylase inhibitor and cultures were processed for immunofluorescence after a mild hypotonic treatment to detect constitutive kinetochore proteins by CREST staining (Earnshaw and Rothfield, 1985) , and HP1 protein using an antibody directed against the HP1α isoform. HP1α protein was associated to chromatin during mitosis and preferentially concentrated at the centromeric regions of mitotic chromosomes in untreated cells (Figure 7 , -TSA, Remboutsika et al., 1999) . Combined immunodetection of kinetochore (CREST) and HP1 proteins showed that the region of HP1 accumulation at centromeres was much larger than the CREST signal and overlapped the inner centromeric area between the two CREST-stained sister kinetochores ( Figure 7 , -TSA, right column). In TSA-treated cells, the HP1-chromatin association was maintained but the preferential accumulation at the centromeric heterochromatin was diminished (Figure 7 , +TSA). Mean HP1 fluorescence intensity on kinetochore regions was quantified in at least 51 kinetochores per experimental point and results for PtK1 and MRC-5 cells are shown in Figure 7B . Statistically significant reductions in the mean HP1 fluorescence intensities at kinetochores were observed both in MRC-5 and PtK1 cells treated for 1 or 7 h with TSA.
Differences ranged between about 25% (PtK1, 7 h) and 50% (MRC-5, 1 h) reduction compared with their respective controls (p <0.001 for all comparisons).
Inhibition of histone deacetylation produces chromosome segregation defects in anaphase cells.
To assess whether the persistence of acetylated histones on mitotic chromosomes interfered with chromosome segregation in mitosis we performed an analysis of chromosome segregation defects in human primary fibroblasts. The analysis of about 1000 anaphase MRC-5 cells by DAPI and CREST staining showed that the TSA treatment significantly induced lagging chromosomes (χ 2 test, p<0.01), i.e. chromosomes left behind at the spindle equator during anaphase ( Figure 8A , left column, and Figure 8B ). Both lagging of single chromatids showing one CREST signal and lagging of paired sisters with two CREST signals were observed ( Figure 8B ). We could identify such lagging as paired sisters, because the size of the two paired chromatids was the same and the two CREST signals were close to each other (an example is shown in Figure 8A ). However, the predominant segregation defect was indicated by the presence of bridges of chromatin between the two reforming daughter nuclei ( Figure 8B 
Chromosome structure is profoundly altered when histones are maintained acetylatetd in mitosis.
In cells undergoing mitosis with hyperacetylated chromatin, the presence of H3 Lys 9 acetylation did not inhibit H3 Ser 10 phosphorylation. This result is consistent with the co-existence of Ser 10 phosphorylation and Lys 9 acetylation on histone H3 upon gene activation (Clayton et al., 2000) , the increased kinase activity of recombinant Ipl1/aurora kinase on acetylated H3 substrates (Rea et al., 2000) , and our own data on phospho H3 levels in nuclear proteins following treatment with the deacetylase inhibitor ( Figure 5 ). However, phospho H3 antibody reactivity of TSA-treated mitotic chromosomes was greatly reduced in immunofluorescence studies (Figure 2) , indicating that the presence of acetylated histones in mitotic chromosomes decreases the accessibility of histone Ntails to the antibody for Ser 10 phospho H3. The results presented suggest that the decreased antibody reactivity depends on a modified association of hyperacetylated histone tails to DNA and a consequent distortion in chromatin structure. A reduction in H3 N-tail/DNA binding is associated with mitotic H3 phosphorylation and chromosome condensation and may be involved in promoting the binding of condensation factors such as topoisomerase II and the condensin complex to the modified chromatin (Sauve' et al., 1999) . Our data support the idea that this chromatin remodeling process is strongly altered when histones are hyperacetylated during mitotic condensation, producing mitotic chromosomes with altered three-dimensional structure. This conclusion is corroborated by the stronger association of the human chromatin-associated phosphatase PP1-δ to acetylated mitotic chromosomes (Figure 4 ). Indeed, a modified chromatin conformation may stimulate phosphatase loading on H3 phosphorylated chromatin to maintain an adequate balance of kinase and phosphatase activities during mitosis (Murnion et al., 2001 , Sugiyama et al., 2002 .
Consequent to the modifications in chromatin conformation identified by antibody staining and protein association, we showed that inhibition of histone deacetylation shortly before mitosis produces defects in chromosome condensation in living cells ( Figure 6 ). This indicates that association of condensation factors on chromatin is dependent on a favorable chromatin structure, which requires both Lys 9 deacetylation and Ser 10 phosphorylation. In line with this idea is the observation that Aurora B-depleted Drosophila cultured cells show altered chromosome condensation and defective association of the condensin Barren protein together with reduced H3
phosphorylation (Giet and Glover, 2000) . The impaired association of HP1 protein to the centromeric region observed in Ptk1 and human cells after TSA treatment (Figure 7 ) demonstrates that centromeric chromatin structure is also altered when histones are maintained acetylated in mitosis. This may be explained by the fact that acetylation of Lys 9 residues prevents methylation by the SUV39H1 methyltransferase (Rea et al., 2000 , Nakayama et al., 2001 . Given the strong specificity of the HP1/Swi6 chromodomain for Lys 9 methylated H3 (Nakayama et al., 2001; Bannister et al., 2001; Jacobs et al., 2001) , HP1 association to heterochromatin containing Lys 9 acetylated H3 may be defective. Our data show that acetylation-dependent defective accumulation of HP1 onto heterochromatin occurs not only after several day exposure to TSA, as shown by Taddei et al. (2001) , but also when histones are maintained hyperacetylated specifically during prophase. These results highlight the dynamism of histone modifications and chromatin structure during mitosis, suggesting that Lys 9 H3 histone methylation still occurs during chromosome condensation. This is consistent with the high level of H3 methyltransferase activity observed in HeLa mitotic cells (Rice et al., 2002) .
In our live cell observation of mitotic progression, a significant lengthening of prometaphase and metaphase was observed. Furthermore, 20% of observed cells were blocked in prometaphase in the presence of TSA (Table I) . This raises the possibility that an improper chromosome condensation can affect kinetochore-microtubule interaction, inducing mitotic checkpoint activation and cell cycle arrest in prometaphase. Furthermore, the metaphase lengthening observed in TSAtreated cells, indicates that even when all chromosomes correctly align at the metaphase plate, a mitotic delay is induced in response to the defect in chromosome condensation. This suggests the intriguing possibility that the mitotic checkpoint can detect not only kinetochore-microtubule attachment, but also chromosome three-dimensional architecture during mitosis. Conformational defects in the centromeric region, due to histone hyperacetylation-dependent HP1 dispersal might be the architectural defects monitored by the mitotic checkpoint after deacetylase inhibitors.
Chromosomal passenger proteins might be good candidates as molecular players that connect the chromosome condensation process with mitotic progression. These proteins localize along the whole chromosome length during prophase and move to the inner kinetochore domain during prometaphase. It can be speculated that inhibition of chromosome condensation by histone hyperacetylation may interfere with the dissociation of these proteins from chromosome arms, inhibiting their accumulation and function at kinetochores. The passenger protein Aurora B kinase has been shown to be responsible for the tension-dependent activation of the mitotic checkpoint and has been suggested to promote sister kinetochore bi-orientation (reviewed in Tanaka, 2002; Shannon and Salmon, 2002) . This protein may be an excellent candidate as mediator of the mitotic delay induced by histone hyperacetylation, thus integrating the chromosome condensation process with kinetochore-microtubule attachment and mitotic progression.
Histone hyperacetylation prevents sister chromatid resolution and centromere separation.
Cells reaching anaphase in the presence of the deacetylase inhibitor TSA showed increased frequencies of chromosome segregation defects, such as lagging chromosomes and chromatin bridges (Figure 8 ). These mitotic abnormalities were present also for exposure times that affected histone deacetylation only during late G2/prophase, suggesting a critical time-window when histone deacetylation is required for proper chromosome condensation and segregation.
Both chromatin bridges derived from persistent cohesion along sister chromatid arms and chromatin bridges due to persistent cohesion at the centromere were observed in our FISH studies.
However, the majority of chromosomes producing chromatin bridges showed persistent cohesion along sister chromatid arms but proper centromere separation, demonstrating that inhibition of histone deacetylation in mitosis affects chromosome cohesion along chromatid arms more than at the centromere. It is now becoming clear that chromatin dynamics in mitosis is regulated by the coordinated action of cohesin and condensin activities and that condensin loading on DNA promotes cohesin dissociation (Losada and Hirano, 2001; Nasmyth, 2002) . It has been proposed that chromosome arm cohesion in mammalian cells is removed in prophase through a separinindependent mechanism and that centromeric cohesion is released by Scc1 cleavage at the metaphase to anaphase transition (Weizenegger et al., 2000) . Our data provide a cytological evidence that the release of centromeric cohesion is independent from sister chromatid resolution and that this last process is strongly influenced by histone hyperacetylation. It can be speculated that impaired association of condensation factors on hyperacetylated chromatin may alter the dissociation of cohesins during early mitotic stages, resulting in persistent cohesion along chromatid arms. The separin-dependent release of centromeric cohesins at anaphase onset would promote the formation of chromatin bridges between sister chromatids due to poor sister chromatid arm resolution, as already reported for condensin mutants (Bath et al., 1996; Ouspenski et al., 2000 , Steffensen et al., 2001 or after inhibition of sister chromatid decatenation by anti-topoisomerase II drugs (Cimini et al., 1997) . On the other hand, a lack of sister chromatid separation at the centromere level is clearly indicated by the observation of chromatin bridges spanning over the centromeric region. It can be hypothesized that the disentangling of centromeric DNA by topoisomerase II may be defective when the centromeric structure is distort due to histone hyperacetylation. In line with this, induction of polyploidy through a lack of centromere separation has been found in Suv39h histone methyltransferase-deficient mice (Peters et al., 2001) .
Among TSA-induced lagging chromosomes, either single chromatid lagging or paired sister chromatids with two CREST signals were observed. Previous studies in PtK1 and human cells have demonstrated that lagging chromosomes at anaphase are single sisters that cannot migrate because their kinetochore is attached to microtubules coming from opposite spindle poles (merotelic kinetochore orientation) (Cimini et al., 2001; . Our results suggest that when HP1 is not correctly assembled on the centromeric heterochromatin in human cells, the less constrained centromeric organization may promote the attachment of individual kinetochores to microtubules coming from both spindle poles, thus producing anaphase lagging chromosomes. A similar mechanism for the origin of lagging chromosomes has been proposed from work in yeast cells (Bernard et al., 2001; Bernard and Allshire, 2002) . Disruption of centromeric architecture by loss of heterochromatin components may also promote the assembly of sister kinetochores that have distort reciprocal orientations, which would allow both of them to become merotelically oriented. When merotelic kinetochore orientation and persistent sister chromatid cohesion at the centromere level occur at the same time, the possibility that sister chromatids separate at anaphase will be further reduced. This would explain the observation of lagging chromosomes representing both sisters with closely paired CREST signals. It can be hypothesized that the final disentangling of the two sister chromatids at anaphase onset requires both loss of cohesion mediated by SCC1 degradation and tension at kinetochores induced by opposite traction forces. When both sister kinetochores are merotelically oriented the tension in opposite directions at the centromere may be strongly reduced, inhibiting centromere separation.
In conclusion, our results highlight the fact that both persistence of cohesion along chromatid arms and at centromeres are responsible for defects in chromosome segregation and chromosome structure when histones are maintained acetylated during mitosis. Furthermore, defective kinetochore-microtubule interactions leading to lagging chromosomes seem to be favored when centromeric heterochromatin possess a less constrained structure due to HP1 depletion. Immunofluorescence detection of Lys 9 acetylated H3 histone on interphase and mitotic (arrows)
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MRC-5 cells fixed after 7 h in the presence of 1% DMSO (-TSA) or 500 ng/ml TSA (+TSA).
Similar results were obtained after 1 h incubation with 500 ng/ml TSA. Bar, 5 µm. C) Anti Lys 9 acetyl H3 immunoblotting of nuclear proteins from MRC-5 cells incubated for 1 h with 0.1% DMSO (control) or 500 ng/ml TSA (TSA) or receiving 35ng/ml nocodazole for 18 h (NOC) or 35 ng/ml nocodazole for 18 h and 500 ng/ml TSA for the last 2 h (NOC + TSA). Figure 2B , +TSA) or negative (example in Figure 3A , +TSA) for phospho H3 staining by eye.
About 100 mitoses were scored per experimental point. 
